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During the early stages of embryogenesis, the mesoderm gives rise to cells of the cardiovascular system which include
cardiac myocytes and vascular endothelial and red blood cells. We have investigated the development of these cell pheno-
types using aggregate cultures of avian blastoderm cells, which replicated mesodermal cell diversi®cation. The cell pheno-
types expressed by the blastoderm cells were dependent upon the age of the blastoderm cells, with Hamburger±Hamilton
stage 3 or 4 cells giving rise to endothelial and red blood cells and stage 5 cells producing endothelial and myocardial cells.
To begin to understand the stage dependency of the cellular diversi®cation of these aggregate cultures, we treated the
cultures with various signaling factors that have been shown to be present in the early avian embryo. These experiments
showed that stem cell factor and TGFa altered cell phenotypes by stimulating red blood cell and myocardial differentiation,
respectively. The ability of these growth factors to shift the differentiation pro®le of aggregate cultures demonstrated the
plasticity of early embryonic cells. To explore the diversi®cation of individual mesodermal cells, labeled QCE-6 cells were
incorporated within these blastoderm aggregate cultures. Previous studies have shown that this quail mesodermal cell line
possesses characteristics of early nondifferentiated mesodermal cells and can be induced to express either myocardial or
endothelial cell phenotypes (C. A. Eisenberg and D. M. Bader, 1996, Circ. Res. 78, 205±216). In the present study, we show
that when these cells were cultured as a component of blastoderm cell aggregates, they differentiated into fully contractile
cardiomyocytes or endothelial or red blood cells. Moreover, QCE-6 cell differentiation was in accordance with that displayed
by the blastoderm cells. Speci®cally, QCE-6 cells differentiated into red blood cells when cultured within stage 3 or stage
4, but not stage 5, blastoderm cell aggregates. Accordingly, the differentiation of QCE-6 cells into beating cardiomyocytes
only occurred when these cells were incorporated into stage 5 blastoderm cell aggregates. The identical sorting and differenti-
ation patterns that were exhibited by QCE-6 and blastoderm cells suggest that expression of differentiated cell types within
the early mesoderm is directed by the surrounding environment without immediate cellular commitment. In addition,
these results provide further evidence that QCE-6 cells are representative of a multipotential mesodermal stem cell and
that they possess the potential to exhibit fully differentiated cell phenotypes. q 1997 Academic Press
INTRODUCTION ping in the zebra®sh has shown that even prior to the forma-
tion of the mesodermal layer, blastula stage ventral cells
During embryogenesis three germ layers are formed in give rise to myocardial, blood, and vascular cells (Lee et al.,
the early gastrula: the ectoderm, mesoderm, and endoderm. 1994)Ðsuggesting that all three lineages are connected via
It is the middle, mesodermal, layer that gives rise to the a stem cell.
cardiovascular system, a cellular network that includes car- In early blastodiscs, mesodermal cells are found through-
diac myocytes and vascular endothelial and red blood cells. out the area pellucida (AP), the embryo proper, and the ex-
The process by which the early mesoderm develops into traembryonic area opaca (AO; Kessel and Fabian, 1986; Wilt,
these cell types is not fully understood. However, fate map- 1967). Development of the vascular endothelium and red
blood cells ®rst occurs in the AO where mesenchymal-like
mesodermal cells, termed hemangioblasts, give rise to the1 To whom correspondence should be addressed. Fax: (803) 792-
0664. E-mail: eisenbec@MUSC.edu. blood islands and surrounding primitive endothelial cells
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of the yolk sac (Wagner, 1980). During the early stages of To investigate early mesodermal cell diversi®cation at
the level of individual cells, we incorporated QCE-6 cellschick development, an important stimulus for red blood cell
formation from AO mesoderm appears to be AO endoderm into the blastoderm cell aggregate cultures. QCE-6 cells are
a cloned cell line derived from 20-methylcholanthrene-(Wilt, 1965; Zon, 1995). Although AP mesoderm may not
normally give rise to blood cells in situ, this tissue is capable treated mesoderm of early gastrula stage Japanese quail (Co-
turnix coturnix japonica) embryos (Eisenberg and Bader,of producing red blood cells in culture when stimulated
with Hamburger±Hamilton (HH; 1951) stage 4 chick AO 1995; 1996). This cell line has been shown to share pheno-
typic properties with early mesoderm, and can be inducedendoderm (Kessel and Fabian, 1986, 1987). Further support
for a shared lineage among endothelial and hematopoietic to exhibit either endothelial or myocardial phenotypes in
culture. Here, we report that coculture experiments of QCE-cells has come from studies with the quail-speci®c QH1
antibody (Pardanaud et al., 1987), which speci®cally recog- 6 and avian blastoderm cells provide further evidence that
QCE-6 cells are multipotential as they gave rise to endothe-nizes these cell types. Recently, it has been demonstrated
that even in the adult, endothelial precursor cells exist lial, fully contractile myocardial, and red blood cells within
aggregate cultures. Moreover, QCE-6 cells appeared to dif-within the blood (Asahara et al., 1997).
Several studies have also indicated that endothelial and ferentiate identically to the avian blastoderm cells, with
the phenotypic pro®le being dependent upon the stage ofmyocardial cells are derived from common precursor cells
(Eisenberg and Bader, 1995; Linask and Lash, 1993; Sugi and the blastoderm cells. Thus, this cell line provides us with
a clonal population of early mesodermal stem cells withMarkwald, 1996). Codistribution of these two cell types has
been observed within two bilateral mesodermal ®elds that which to investigate further the potentiality of the early
avian mesoderm and indicates their utility for elucidatinglater fuse at the embryonic midline to give rise to the primi-
tive heart tube (DeHaan, 1965; Drake and Jacobson, 1988; pathways of mesodermal cell diversi®cation.
Icardo and Manasek, 1992; Rawles, 1943; ViraÂgh et al.,
1989). Interestingly, AP endoderm is involved in promoting
the differentiation of AP mesoderm to cardiac myocytes and MATERIALS AND METHODS
endothelial cells (Sabin, 1917; Sugi and Lough, 1994; Sugi
and Markwald, 1996). Isolation of Cells from Chicken Blastoderms
The culture of early stage avian embryos has proven use-
Fertilized chicken (Gallus domesticus) or Japanese quail (C. co-
ful for analyzing mesodermal cell lineages. The divergence turnix japonica) eggs were obtained from local hatcheries and incu-
of cells into myocardial, endothelial, and hematopoietic bated at 377C with 60% relative humidity for 12 to 25 h. Embryonic
phenotypes has been observed in cultures of intact avian development was determined according to the avian staging series
blastodiscs (Biehl et al., 1985). Blastodisc suspension cul- of Hamburger and Hamilton (1951). Under sterile conditions, em-
tures have likewise been used in lineage analyses. In those bryos were removed from the yolk using the technique of New
(1955) and placed in sterile phosphate-buffered saline (PBS), Ca2/studies, cells dissociated from early chick blastodiscs (Eyal-
and Mg2/ free (Sigma, St. Louis, MO), to rinse away the yolk. TheGiladi and Kochav, 1976) were allowed to aggregate and
blastoderms, which consisted of only the three germ layers withinthus evolve into cultures resembling embryoid bodies from
the area pellucida, were excised from the vitelline membrane usingteratocarcinomas. During 5 days of culture, aggregates pro-
®ne glass needles and placed in 0.25% trypsin, Ca2/ and Mg2/ freeduced endothelial and red blood cells (Dardick et al., 1976;
(Gibco BRL, Grand Island, NY), at 377C for 10 min. Tissues were
Mitrani and Eyal, 1982). Aggregates made from later HH dissociated further with frequent, gentle pipetting. Trypsinization
stage 4 and 5 blastoderms contained structures resembling was stopped with an equal volume of medium containing Eagle's
notochordal cartilage and muscle cells as well as blood is- minimal essential medium with Earle's salts, nonessential amino
lands (Sanders and Zalik, 1976). Hence, these cultures repli- acids, L-glutamine (Sigma), and 20% fetal bovine serum (Hyclone).
cate mesodermal cell diversi®cation. Following centrifugation at 250 g for 10 min, the cells were resus-
pended in this medium. Cell count and the percentage of viableIn this study we have used avian blastoderm suspension
cells were assessed by trypan blue exclusion.cultures to analyze mesoderm cell diversi®cation. Blasto-
derm aggregate cultures exhibited phenotypic pro®les that
were dependent on the stage of the embryos from which Aggregation of Cellsthe cells were isolated. Speci®cally, HH stage 3 and 4 cells
produced cultures containing both red blood and vascular To produce aggregates, hanging drop cultures were prepared as
previously described (Rudnicki and McBurney, 1987). Blastodermendothelial cells, but not myocardial cells; while HH stage
cells were suspended in medium at concentrations of 1.25 to 2.55 cells gave rise to vascular endothelial and beating myocar-
1 106 cells/ml and distributed in 20-ml drops on the lids of sterile,dial cells, without any apparent red blood cell differentia-
100-mm bacterial-grade petri dishes (Falcon). The lids were thention. To ascertain whether these stage-dependent pheno-
inverted onto the dishes, each of which contained 2 ml of steriletypic pro®les were absolute, we treated aggregate cultures
PBS. Following 48 h of incubation at 377C with 5% CO2, cell aggre-with various signaling factors found in the early embryo. gates were transferred to new bacterial-grade petri dishes (Falcon)
The two factors that exhibited the most pronounced effects containing medium and incubated for 4 more days. These aggre-
on blastoderm cell diversi®cation were SCF and TGFa, gates were routinely observed microscopically with an Olympus
which promoted red blood and myocardial cell differentia- IMT-2 inverted microscope with phase contrast and Hoffman op-
tics to determine the extent of cell differentiation (i.e., presence oftion, respectively.
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beating cells). Cell differentiation was then assessed by immuno- 0.02% hydrogen peroxide. The reaction was stopped with three
washes with PBS and the cultures were mounted as described below.histochemical techniques using a Zeiss phase/¯uorescence Axio-
scope and Leitz DMRB microscope ®tted with Nomarski differen-
tial interference contrast optics. Results were documented with Indirect Immuno¯uorescence Microscopy
Ektachrome either 100 or 400 ASA color slide ®lm and T-Max 400
Cell aggregates were washed four times at RT with PBS and ®xed
ASA black and white print ®lm (Kodak, Rochester, NY).
in 100% methanol at 0207C for 20 min. Following rehydration
with PBS, cells were incubated at 47C overnight in PBS containing
1.0% bovine serum albumin (PBS±BSA; Sigma). Alternatively, PBS-QCE-6/Chicken Coculture Cell Aggregates with
washed aggregates were embedded in Tissue-Tek OCT compoundRetroviral-Labeled Cells
and frozen in liquid nitrogen. The 5-mm sections were stored at
0207C prior to staining. The aggregates or sections were exposed toIn order to determine the identity of QCE-6 cells in coculture
primary antibodies overnight at 47C and for 1 h at RT, respectively.aggregates, the cells were labeled with a replication-incompetent
Monoclonal antibodies QH1 (Pardanaud et al., 1987) and MF20retrovirus that contained the bacterial b-galactosidase gene (Mi-
(Bader et al., 1982) were used undiluted. The monoclonal antibodieskawa et al., 1992). This was accomplished by exposing a 25% con-
169-1A2 and 109-19 were provided by Dr. Andy Wessels and were¯uent dish of cells to the virus at a concentration of 3 1 107
prepared in the Department of Anatomy and Embryology at thevirions/ml in growth medium. Following a 30-min exposure at
University of Amsterdam (De Groot et al., 1987). These antibodies,377C, the culture was washed three times with growth medium
which stain atrial and ventricular avian myosin heavy chain, re-(Eisenberg and Bader, 1996) and incubated for 4 days with fresh
spectively, were used at a 1:10 dilution. Anti-b-galactosidase anti-growth medium. To obtain pure populations of b-galactosidase-
bodies obtained from Sigma (monoclonal) and 5 Prime±3 Prime,expressing cells, subclones were picked using cloning rings (Puck
Inc. (rabbit serum) were diluted in PBS±BSA 1:125 and 1:50, respec-et al., 1956) and plated in duplicate so that one culture could be
tively. Anti-chicken hemoglobin antibody (Accurate) was used atassayed for enzyme activity as described (Mikawa et al., 1992). In
a 1:400 dilution after the tissue was treated with PBS containingthis assay the cultures were ®xed in 2% paraformaldehyde for 30
0.05% Triton, 0.9% lysine for 10 min at RT. Following six washesmin at room temperature. Following three 10-min washes with
with PBS to remove unbound antibody, aggregates were incubatedPBS, the cells were incubated at 377C in an X-gal solution con-
for 2 h at RT with secondary antibodies of dichlorotriazinylaminotaining 20 mM K3Fe(CN)6, 20 mM K4Fe(CN)6r3H2O, 2 mM MgCl2,
¯uorescein-conjugated or tetramethyl rhodamine isothiocyanate-and 1 mg/ml X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyrano-
conjugated goat anti-mouse IgG or goat anti-rabbit IgG (Jacksonside) in PBS. Development of the blue precipitate was seen after 15±
Immuno Research Labs, Inc., West Grove, PA), all diluted 1:100 in60 min. The subclone, QCE-6 Blue, which manifests the highest
PBS±BSA. The sections were exposed to secondary antibody for 1amount of enzyme activity as judged by the intensity of color,
h. After six 10-min washes, cells were mounted in 90% glycerolwas used in subsequent experiments. QCE-6 Blue cells were grown
in PBS containing the antiquenching agent, diazobicyclooctane,under conditions as previously described (Eisenberg and Bader,
100 mg/ml (DABCO, Aldrich). All antibody incubations and subse-1995, 1996). To produce QCE-6/chicken blastoderm cocultures,
quent washes were performed with gentle agitation. DAPI (Sigma)these cells were harvested with 0.5% trypsin±EDTA (Gibco) and
staining was conducted, according to manufacturer's instructions,suspended in medium used for the chicken blastoderm cultures.
on the aggregates prior to mounting. To ensure that nonspeci®cCell suspensions consisting of chicken blastoderm and QCE-6 cells,
binding did not occur with aggregates exposed to more than onemixed at ratios of 1:9 to 1:19, were utilized in hanging drop cultures.
primary antibody, cultures were blocked overnight at 47C in PBS±These suspension cultures were grown under the same conditions
BSA, after secondary antibody incubation. Upon removal ofas stated above. Partial dissociation of these aggregates was
blocking solution, cultures were placed in PBS containing 50%achieved by gentle pipetting after treatment with 0.25% trypsin at
glycerol and microwaved for 15 s at high power as previously de-377C for 10 min. The resulting cell clumps were suspended in me-
scribed (Gourdie et al., 1993).dium and plated into eight-well Lab-Tek chamber slides for 12 h
prior to staining (Nunc).
Growth Factor Treatment of Aggregates
Aggregates were treated with growth factors for 5 days. All fac-QCE-6/Chicken Coculture Cell Aggregates with tors were diluted in medium immediately before use and added to
Vital Dye-Labeled Cells cultures on day 0 (initial plating of cell suspensions) and day 2.
Human recombinant erythropoietin (EPO; 250 mU/ml) was ob-The identity of QCE-6 cells in coculture aggregates was also
tained from R & D Systems (Minneapolis, MN). Human recombi-determined using the vital dye PKH26 (Sigma). This dye is a red
nant basic ®broblast growth factor (bFGF; 100 ng/ml), human re-¯uorescent cell linker that is incorporated into the cell membrane.
combinant vascular endothelial growth factor (VEGF; 10 ng/ml),Unlike DiI, this dye is not ``leaky'' and can mark cells for up to 100
and human recombinant stem cell factor (SCF; 10 ng/ml) weredays in culture. Labeling of QCE-6 cells was performed according to
purchased from Collaborative Biomedical Products (Bedford, MA).the manufacturer's instructions.
Human recombinant transforming growth factor alpha (TGFa; 5
ng/ml) was obtained from Sigma.
Benzidine Staining of Erythrocytes
RESULTSTo detect erythrocytes, aggregate cell cultures were stained for
hemoglobin as described (Krah et al., 1994). Brie¯y, aggregates were Development of Chicken or Quail Blastoderm
washed in 11 PBS and ®xed in 100% methanol for 5 min at room Aggregates
temperature (RT). Following rehydration in PBS, cultures were incu-
To investigate the differentiation potential of embryonicbated for 5 min at RT in fresh solution containing diaminobenzidine
0.5 mg/ml (Sigma), 23 mM sodium acetate buffer (pH 4.7), and mesoderm cells, aggregate cultures were produced of tissue
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taken from the area pellucida of HH stage 3±5 avian em- ity with either one or both of these two additional antibod-
ies (Figs. 2C and 2D). Interestingly, these cultures did notbryos. As described under Materials and Methods, cell sus-
pensions were cultured initially as hanging drops for 2 days display obvious segregation of atrial or ventricular cells.
Aggregates of stage 3 and 4 chicken embryos never demon-and then transferred to 100-mm dishes for subsequent cul-
ture. The hanging drop cultures promoted the formation of strated beating cells, although they occasionally contained
cells that stained with these sarcomeric myosin antibodies.dense aggregates from dissociated chicken or quail blasto-
derm cells. When transferred to 100-mm dishes, these aggre- As stated above, vascular endothelial cells were observed
within HH stage 3 or 4 cellular aggregates as capillariesgates continued to grow in size and developed into three-
dimensional structures consisting of a dense cellular core, ®lled with red blood cells. These structures were not de-
tected among HH stage 5-derived aggregates. To analyzesurrounded by more transparent layers of cells. This ar-
rangement was not dependent upon the stage of the embryo endothelial cell development further, aggregates formed
from quail embryonic cells were exposed to QH1 antibody,from which the cells were obtained. Daily examination of
the cultures by phase microscopy was conducted to monitor which recognizes quail endothelial and hemopoietic cells
(Pardanaud et al., 1987). Cultures derived from stage 3 andcell differentiation. Initial experiments involved the micro-
scopic examination of the cultures between days 1 and 10. 4 quail embryos manifested positive staining, mostly in the
outer layer of cells surrounding the aggregate (Figs. 3A andResults showed that vascular and red blood cell differentia-
tion occurred during the ®rst 6 days of culture and declined 3B). Focusing through the aggregate also revealed additional
QH1-positive cells. That the outer layer QH1-positive cellsthereafter. Hence, data were collected primarily from day 1
to 5, with the day of culture initiation considered day 0. are of an endothelial lineage is indicated by the absence
of red blood cells within these areas. QH1 reactivity wasAggregates derived from HH stage 3 and 4 embryonic cells
produced similar cellular arrangements. By the third day in likewise seen in cultures produced from stage 5 quail em-
bryos, with positively stained cells located near or withinculture, blood islands consisting of red blood cells were
visualized in these cell aggregates (Fig. 1A). Often cavities the periphery of the culture aggregates. However, in con-
trast to HH stage 3 and 4 cultures, no internal QH1-positiveand capillaries ®lled with red blood cells were visible within
aggregates by day 4 (Fig. 1B). By day 5, the number of stage cells were seen within HH stage 5 aggregates. As expected,
control aggregate cultures of chicken embryonic cells did4 aggregates manifesting red blood cells increased slightly
from day 3 to 5, while the number remained unchanged in not stain with this antibody (Figs. 3C and 3D). In summary,
these results with both quail and chicken embryonic tissuesstage 3 aggregates. By day 6, red color completely disap-
peared from many of the aggregates. Due to the reproduc- show that the early mesodermal cells within these aggre-
gates are capable of differentiating under these in vitro con-ibility of these results, analyses of all subsequent cultures
were conducted on day 5. By this day, 40% of stage 3 and ditions into their expected cell types, although there is a
stage dependency in their diversi®cation.32% of stage 4 chicken aggregates contained red blood cells
(see Table 1). To verify that the red color seen in these
aggregates was due to the presence of hemoglobin, cultures
Factors In¯uencing Early Mesoderm Differentiationwere stained with either diaminobenzidine or anti-chicken
hemoglobin antibody. All red color areas within the aggre- The pro®le of differentiated cell types that were exhibited
by the aggregate cultures was dependent on the stage of thegates reacted positively to these stains. However, some cells
that did not show red color likewise reacted to the stain blastoderm cells. One possible explanation for this result is
that signaling factors secreted by cells of the area pellucida(Figs. 1C and 1D). It is likely, therefore, that the number of
aggregates displaying red blood cells may have been slightly differ according to the stage of the embryo. To ascertain
whether the stage dependence of myocardial and red bloodunderestimated by visualization with phase microscopy.
Unlike aggregates taken from stages 3 and 4, those of cell differentiation may be due to differential secretion of
signaling factors by the blastoderm cells, we attempted tostage 5 chicken embryos never displayed erythrocytes nor
reacted to diaminobenzidine or anti-chicken hemoglobin identify factors that would in¯uence cell differentiation
within aggregate cultures. Thus we allowed dissociated em-antibody (Figs. 1E and 1F). Instead, by day 5, 35% of aggre-
gates from stage 5 embryos contained areas of beating cells. bryonic cells to form aggregates when cultured in the ab-
sence or presence of individual signaling factors. After 5The number of aggregates possessing beating cells did not
change with time and these cells continued to contract at days of treatment, the cultures were analyzed by phase mi-
croscopy or antibody and/or diaminobenzidine stain. Theleast through day 6. These cells were easily identi®ed fol-
lowing staining with the MF20 antibody, which recognizes results of these experiments are summarized in Table 2.
Treatment with either bFGF or EPO neither enhancedsarcomeric myosin heavy chain found within myo®brils of
both cardiac and skeletal muscle (Figs. 2A and 2B). These nor inhibited the formation of red blood cells or beating
cardiomyocytes among stage 3, 4, or 5 cell cultures. Like-cells were examined further with the cardiac-speci®c 169-
1A2 and 109-19 antibodies, which speci®cally react with wise, addition of VEGF did not in¯uence cell differentiation
in stage 3 and 5 aggregates. Although not listed in Table 2,atrial and ventricular isoforms of sarcomeric myosin heavy
chain, respectively (De Groot et al., 1987). The identi®ca- other factors shown to be present in the early embryo (e.g.,
T3, EGF, PDGF, and TGFb) were tested and had no dis-tion of MF20-positive cells within these blastoderm aggre-
gates as cardiac myocytes was supported by their coreactiv- cernable effect on cell differentiation. TGFa had minimal
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FIG. 1. Red blood cell formation within chicken blastoderm aggregates. Aggregate cultures were visualized using differential interference
contrast optics. As shown in A±D, stage 4 aggregates gave rise to hemoglobin-positive cells. Large blood islands were visible by their red
color (A; arrowheads). Aggregates often displayed cavities and capillaries (arrowhead) ®lled with red blood cells (B). That the observed red
blood cells (C; arrowheads) produced hemoglobin was veri®ed by treating aggregates with diaminobenzidine (D), which stains hemoglobin-
positive cells brown (arrowheads). Aggregates derived from stage 5 embryos never demonstrated red bloods (E) and thus did not exhibit
diaminobenzidine staining (F). Bar, 100 mm.
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TABLE 1 of culture initiation and, thus, incorporated into aggregate
Phenotypes Expressed by Chicken Blastoderm Cell Aggregates cultures. Aggregates composed of both QCE-6 and chicken
blastoderm cells, at these ratios, showed development simi-
Stage Total No. RBC positive (%) Beating (%) lar to those without QCE-6 cells (Table 3). By day 5, hemo-
globin-positive cells were present in 35% of QCE-6 cell/3 20 8 (40) 0 (0)
stage 3 and 34% of QCE-6 cell/stage 4 blastoderm cell-con-4 50 16 (32) 0 (0)
taining aggregates. Red blood cells were never observed5 50 0 (0) 14 (35)
among cultures of QCE-6/stage 5 chicken cells. Yet, on day
5 beating cells were present in 38% of QCE-6/stage 5 cell
aggregates. As with aggregates composed of blastoderm cells
only, the mixing of QCE-6 cells with stage 3 or 4 blastodermin¯uence on red blood cell formation, but signi®cantly in-
cells never produced beating cardiomyocytes.creased the likelihood of beating tissue in stage 5 aggregates.
The differentiation of QCE-6 cells within these aggregateThe factor that produced the most dramatic results was
cultures was analyzed by double staining with anti-b-galac-SCF, which signi®cantly increased the number of aggregates
tosidase antibodies and either the MF20 or the QH1 anti-containing hemoglobin-positive cells. Even stage 5 aggre-
bodies. When cultured in the presence of stage 3 or 4 blasto-gates, which never displayed red blood cells under other
derm cells, QCE-6 cells did not react to the MF20 antibody.conditions, gave rise to red blood cells in the presence of
However, when mixed with stage 5 chicken cells, a portionSCF (Fig. 4). The appearance of red blood cells among aggre-
of the QCE-6 cells expressed sarcomeric myosin. Thesegate cultures derived from either of the three stages was
MF20-positive QCE-6 cells were associated with MF20-pos-further enhanced by the combined treatment with SCF and
itive chicken cells located in areas that demonstrated con-TGFa. Treatment with these two factors increased the fre-
traction prior to ®xation (Figs. 5A±5C). To determine if thequency of stage 3 and 4 aggregates producing red blood cells
MF20-positive QCE-6 cells were truly exhibiting the cardiacto 100%. Furthermore, 25% of stage 5 aggregates now con-
myocyte phenotype and had undergone myo®brillogenesis,tained red blood cells. Thus, the combination of both TGFa
aggregates were made of stage 5 chicken cells and vital dye-and SCF on stage 5 aggregates promoted both red blood cells
labeled QCE-6 cells. Those cultures exhibiting beating onand beating cardiomyocytes. In summary, SCF enhanced
day 5 were partially dissociated and plated into eight-wellred blood cell differentiation among stage 3±5 cells. TGFa
Lab-Tek chamber slides. Subsequent staining with 109-19both increased the percentage of stage 5 aggregates pos-
antibody revealed QCE-6 cells displaying myo®brils of car-sessing beating cells and enhanced SCF stimulation of red
diac-speci®c sarcomeric myosin (Fig. 6). Moreover, the myo-blood cell differentiation.
®brillar pattern exhibited by QCE-6 cells was similar to
that displayed by chicken cardiac myocytes isolated fromGeneration of b-Galactosidase-Expressing Subclone
aggregate cultures.of QCE-6 Cells
QCE-6 cells manifested positive reactivity with QH1 an-
The data presented in the preceding section indicate that tibody when mixed with avian cells taken from chicken
aggregate cultures of blastoderm cells provide an experi- (Fig. 7A) or quail embryos at all three stages of development.
mental system for examining early mesodermal cell diversi- Moreover, double staining of quail blastoderm/QCE-6 cell
®cation. However, to understand lineage relationships of aggregates with QH1 and b-galactosidase antibodies indi-
early mesodermal cells, individual cells need to be charac- cated that QH1-positive QCE-6 and embryonic quail cells
terized and labeled prior to aggregate culture. The experi- codistributed within the same regions of the three-dimen-
mental strategy used was to mix a small number of labeled sional cultures (data not shown). Most of these cells were
cells with unlabeled embryonic cells within an aggregate probably of the endothelial lineage, as they were most prom-
culture. As previously shown (Eisenberg and Bader, 1995, inent in the peripheral layers of the cultures, in areas that
1996), the QCE-6 cell line is a source of early mesodermal did not display red blood cells. However, QH1 reactivity
cells that has the capacity to express endothelial or myocar- was also seen among QCE-6 cells contained within the core
dial cell phenotypes. To distinguish QCE-6 cells from em- region of QCE-6/stage 3 or 4 blastoderm cell aggregatesÐ
bryonic cells in an aggregate culture, we stably infected in areas that often contained red blood cells. Since QH1
QCE-6 cells with a retrovirus carrying the b-galactosidase antibody recognizes both quail endothelial and hemopoietic
gene. Subsequently, a b-galactosidase-positive subclone, cells, this result suggested that QCE-6 cells may addition-
QCE-6 Blue, was obtained as demonstrated both by enzyme ally have the potential to form red blood cells.
activity and by immuno¯uorescent staining. It should be To de®nitively determine whether QCE-6 cells could dif-
noted that introduction of the b-galactosidase gene does not ferentiate into red blood cells, vital-dye labeled QCE-6 cells
affect the differentiation capacity of these cells. were cocultured with either stage 3 or 4 chicken blastoderm
cells and stained for hemoglobin. In these cultures, hemo-
Mixed Aggregates of QCE-6 and Avian Blastoderm globin-positive QCE-6 cells were observed in association
Cells with red blood cells of blastoderm origin (Figs. 7B and 7C).
The proportion of these aggregates that contained hemoglo-b-Galactosidase-labeled QCE-6 cells were mixed with
dissociated embryonic cells at 1:9 to 1:19 ratios at the time bin-positive QCE-6 cells approached 18%. As further evi-
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FIG. 2. Blastoderm aggregates gave rise to myocardial cells. Phase (A) and immuno¯uorescence (B±D) microscopy of sectioned stage 5
chicken cell aggregate. Stage 5 blastoderms produced aggregates that contained beating cells. Aggregate was sectioned and stained with
MF20 (B), 169-1A2 (C), or 109-19 (D) sarcomeric myosin antibodies. Arrows indicate cellular regions that exhibit sarcomeric myosin
expression. MF20 reacts against all sarcomeric myosin heavy chain molecules, while the other antibodies stain only cardiac-speci®c
isoforms. While there was no de®nitive segregation of cells exhibiting either the atrial 169-1A2 (B) or the ventricular 109-19 (C) myosin
isoforms, the latter antibody appeared to stain greater numbers of cells. Bar, 200 mm.
dence for red blood cell differentiation by QCE-6 cells, cells. In particular, the differentiated phenotypes exhibited
by QCE-6 and blastoderm cells were the same. Moreover,mixed aggregate cultures containing nonlabeled QCE-6
cells were sectioned and doubled stained with antibodies the spatial patterning of these phenotypes within the three-
dimensional cultures was identical, as distribution of QCE-speci®c to chicken hemoglobin and b-galactosidase. As
shown in Fig. 8, some but not all QCE-6 cells expressed a red 6 and blastoderm cell-derived endothelial, myocardial, or
red blood cells always coincided.blood cell phenotype. As with stage 5 chicken aggregates,
cultures of stage 5 chicken/QCE-6 cells never displayed he-
moglobin. Thus, the environment in stage 3 and 4 aggre-
Treatment of QCE-6/Chicken Blastoderm Cellgates conducive to red blood cell formation is no longer
Aggregatespresent in stage 5 aggregates.
Together, the results of the mixed cell aggregate cultures Treatment of chicken blastoderm aggregates showed that
both SCF and TGFa can alter mesodermal cell diversi®ca-show that QCE-6 cells behaved identically to the embryonic
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8718 / 6x30$$$$63 11-05-97 12:54:17 dbal
174 Eisenberg and Markwald
FIG. 3. Endothelial cell differentiation within blastoderm aggregates. Phase (A,C) and immuno¯uorescence (B,D) microscopy of quail
(A,B) or chicken (C,D) cell aggregates. Stage 4 quail blastoderm aggregates (A) stained positive for the QH1 antibody (B), which recognizes
both endothelial and hematopoietic cells in the quail. Although staining was often exhibited within the interior of aggregates where red
blood cells were found, QH1 antibody reactivity was most prominent along the periphery of aggregates (arrows). The lack of blood cells
within these high-staining areas is indicative that these QH1-positive cells are of the endothelial lineage. As a negative control, chicken
blastoderm aggregates (C) did not stain for the quail-speci®c QH1 antibody (D). Bar, 200 mm.
FIG. 4. SCF promotes red blood cell differentiation in stage 5 chicken blastoderm aggregates. Stage 5 chicken blastoderm aggregate
treated with SCF for 5 days (A and B). As seen under differential interference contrast optics, red blood cells (A; arrowheads) stained brown
for hemoglobin following diaminobenzidine staining (B; arrowheads). Bar, 200 mm.
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TABLE 2 cells within the same cultures, and (2) the inhibition of
Phenotypes Expressed by Factor-Treated Chicken Blastoderm myocardial differentiation by SCF. In comparison, the stim-
Cell Aggregates ulation of red blood differentiation by SCF was not altered
by the presence of QCE-6 cells.
Total % with % with
Factor No. Stage RBCs beating
bFGF 22 3 33 0 DISCUSSION
4 25 0
5 0 40 Previous studies have suggested that progenitor cells exist
EPO 26 3 33 0
for the endothelial/myocardial and the endothelial/blood4 20 0
cell lineages. More recent results (Lee et al., 1994) have5 0 50
supported the existence of a common stem cell in zebra®shVEGF 28 3 33 0
blastulae for all three phenotypes. However, none of these4 50 0
5 0 40 experiments have de®nitively shown that one pluripo-
TGFa 28 3 33 0 tential mesoderm cell can give rise to all three phenotypes.
4 31 0 Thus, it has been speculated that these cell lineages diverge
5 0 100 either prior to or during the formation of the initial meso-
SCF 42 3 50 0 dermal layer. To study the pluripotentiality of the early
4 67 0 mesoderm, we have used the avian blastoderm culture sys-
5 13 17
tem. Our data have identi®ed certain factors that may con-SCF/TGFa 36 3 100 0
tribute to the phenotypic differentiation of early mesoderm4 100 0
cells. Furthermore, we show that QCE-6 cells are represen-5 25 75
tative of an early progenitor cell in that they have the capac-SCF/VEGF 42 3 40 0
4 44 0 ity to exhibit myocardial, endothelial, or red blood cell phe-
5 0 42 notypes in this culture system.
The process of mesoderm cell differentiation can be
traced back to the gastrula stage, when the precardiac cells
lie within the lateral mesoderm (Rawles, 1943). These cells
become clustered within the anterior, bilateral cardiogenic
tion. To ascertain whether QCE-6 cells would be similarly ®elds located within the splanchnic mesoderm closely asso-
affected by these growth factors, QCE-6/chicken cell aggre- ciated with the endoderm (DeHaan, 1965; Icardo and Mana-
gates were cultured in the presence of SCF and/or TGFa. sek, 1992). Some cells leave this epithelial layer to form
Aggregates were made from stage 4 and 5 blastoderms, the the endothelial plexus that develops into paired endocardial
embryonic stages at which these growth factors manifested tubes, while others remain and give rise to the myocardium
the greatest in¯uence. As summarized in Table 4, SCF in- (DeRuiter et al., 1993; Drake and Jacobson, 1988).
creased red blood cell formation within aggregates con- Simultaneous with the formation of the primitive heart
sisting of both QCE-6 and either stage 4 or stage 5 blasto- is the development of the blood islands. In the chick, blood
derm cells. The percentage of these mixed cellular aggre- island formation occurs between the de®nitive primitive
gates containing hemoglobin-positive cells was greater than streak stage (stage 4) and the four-somite stage (stage 8).
that exhibited by SCF-treated aggregates that consisted of The islands appear outside the embryo proper, where aggre-
chick blastoderm cells only. Also in contrast to chick blas- gates of mesenchymal cells form within the mesoderm.
toderm cell only cultures, contraction was not observed in These cell clusters consist of primitive blood and endothe-
SCF-treated stage 5 chicken/QCE-6 cellular aggregates. In lial cells (Noden, 1989). Hence, splanchnic mesodermal
comparison, TGFa promoted the development of fully con- cells, which have migrated during gastrulation to extraem-
tractile cardiomyocytes among QCE-6/blastoderm cell ag- bryonic regions (the area opaca), contribute to blood and
gregates. Importantly, the contractile phenotype, which was endothelial cells (Zon, 1995), while mesodermal cells
never previously exhibited in stage 4 aggregates, was present
in 60% of these TGFa-treated cultures. The beating cells
that arose within these cultures originated from both QCE-
TABLE 3
6 and HH stage 4 chick embryonic cells, as determined by
Phenotypes Expressed by Chicken Blastoderm/cell labeling with vital dye and immunostaining. In addi-
QCE-6 Cell Aggregates
tion, aggregates that were beating often contained hemoglo-
bin-positive cells. In summary, the responses of blastoderm Stage of Total RBC positive Beating
chicken cells No. (%) (%)cultures to growth factors were altered in several notable
ways by the incorporation of QCE-6 cells into the aggre-
3 20 7 (35) 0 (0)gates, speci®cally: (1) the induction by TGFa of contractile
4 50 17 (34) 0 (0)cardiomyocytes with earlier stage blastoderm cells (stage
5 50 0 (0) 19 (38)
4), which produced both red blood and beating myocardial
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within the embryo proper (the area pellucida) give rise to manifested in younger culturesÐalthough stage 3 and 4
cultures did occasionally produce a few cells that expressedmyocardial and endothelial cells.
Various studies have indicated that the mesodermal germ sarcomeric myosin. Previous studies have shown that blas-
toderm cultures of even earlier stage embryos can supportlayer is multipotential and can give rise to blood and endo-
thelial cells, myocardial and endothelial cells, or myocar- erythroid cell differentiation (Zagris, 1980). Again, beating
cells were only observed among aggregates derived fromdial and red blood cells. Histological examination of quail±
chick chimeras has demonstrated that early blood cells older blastoderms. The question arises from both the zebra-
®sh microinjection and the avian blastoderm culture stud-share lineage with endothelial cells (Pardanaud et al., 1989).
It has been hypothesized that there exists a bipotential stem ies as to why mesodermal diversi®cation is subject to stage-
dependent restrictions. We believe that the mixed QCE-6/cell, the hemangioblast, that gives rise to endothelial and
hemopoietic cells (Murray, 1932; Pardanaud and Dieterlen- avian blastoderm cell cultures help answer this question.
LieÁvre, 1993; Pardanaud et al., 1989; Sabin, 1917; Zon,
1995). That endothelial cells may share a common precursor
QCE-6 Cells Are Representative of Early Mesodermwith myocardial cells has been suggested by several investi-
gators. Light and electron microscopic analyses have de- We have reported previously on the derivation and initial
characterization of QCE-6 cells. This cell line was derivedtected endothelial cells within the cardiogenic ®elds mi-
grating from premyocardial cells (ViraÂgh et al., 1989). HH from HH stage 4 quail mesoderm and appears to possess
the phenotype of nondifferentiated mesoderm. When cul-stage 5 cardiogenic mesoderm forms both myocardial and
endothelial cells when cultured with the underlying endo- tured as a monolayer, QCE-6 cells can be induced, by the
combined treatment with retinoic acid, bFGF, TGFb2 andderm (Sugi and Markwald, 1996). Moreover, a recent study
has shown that HH stage 4 primitive streak mesoderm pos- TGFb3, to differentiate into either myocardial or endothe-
lial cell types. When TGFb1, PDGF, and IGF-II are com-sesses the potential to differentiate into either cardiomyo-
cytes or erythrocytes (Schultheiss et al., 1995). Together, bined with the other four factors, the myocardial derivatives
of QCE-6 cells begin to show organization of various sarco-all these studies suggest that early mesodermal cells have
the capacity to differentiate into myocardial, endothelial, meric proteins. This pattern is still presarcomeric and QCE-
6 cells have not demonstrated a contractile phenotype underand/or blood cells when placed under permissive condi-
tions. However, none of these experiments determined those culture conditions. However, the experiments re-
ported in the present communication de®nitively demon-whether all of these phenotypes can be produced from a
single progenitor cell. strate that QCE-6 cells possess the potential to differentiate
into fully contractile cardiomyocytes. Thus, the inabilityThe existence of a progenitor cell that is capable of giving
rise to myocardial, endothelial, and blood cells was sug- of QCE-6 cells to beat when cultured alone is due to the
limitations of the culture conditions, not to the limitationsgested by the data of Lee et al. (1994). By ¯uorescently label-
ing cells in early zebra®sh blastulas, they were able to deter- of the cell's differentiation potential.
The other important ®nding regarding the potentiality ofmine that cells residing within the ventral region of the
blastula can give rise to myocardial, endothelial, and blood QCE-6 cells is that they are able to form red blood cells.
Hence, this cell line seems to possess the same potentialcells. This multipotentiality diminished as the embryo
aged. Data from our avian blastoderm aggregates con®rm as early nondifferentiated mesoderm. When incorporated
into mixed cell aggregates, QCE-6 cells will give rise to thethat early embryonic cells are multipotential. Aggregates
made of stage 3 and 4 blastoderms would often contain same cell types as does the early avian blastoderm cells.
Moreover, differentiated QCE-6 cells will sort with identi-hemoglobin-positive cells, which were never observed in
nontreated aggregates from stage 5 embryos. Likewise, the cal cell types that are derived from the embryonic cells.
Therefore, within the mixed cell aggregates, QCE-6 cellscontractile phenotype seen in stage 5 aggregates was not
FIG. 5. Cardiomyocyte differentiation of QCE-6 cells within blastoderm cocultures. Immuno¯uorescence microscopy of QCE-6 cells
cultured with HH stage 5 chicken blastoderm cells. Aggregates were stained with anti-b-galactosidase antibody (green ¯uorescein), MF20
antibody (red rhodamine), and the blue nuclei stain DAPI. A sample aggregate was visualized for all three stains (A), ¯uorescein only (B),
or rhodamine only (C). Both QCE-6 and chicken blastoderm cells display sarcomeric myosin. In A, the yellow color indicates QCE-6 cells
that were both b-galactosidase and sarcomeric myosin positive. The arrows denote two examples of regions that contained sarcomeric
myosin-positive QCE-6 cells. These areas corresponded to regions of the aggregates that demonstrated contractility. The arrowheads
indicate an example of QCE-6 cells that were sarcomeric myosin negative. Bar, 200 mm.
FIG. 6. Cardiomyocytes derived from QCE-6 cells exhibit myo®brils. Phase (A) and immuno¯uorescence (B±D) microscopy of aggregate
cultures, consisting of QCE-6 cells and HH stage 5 chicken blastoderm cells that were disrupted and plated on eight-well chamber slides.
Subsequently, the cultures were stained with both cardiac-speci®c sarcomeric myosin 109-19 (B,D) and b-galactosidase-speci®c (C) antibodies.
QCE-6 cells were identi®ed by cytoplasmic b-galactosidase staining (C). Arrows indicate myosin-positive QCE-6 cells, while the asterisk
denotes an adjacent myosin-positive chicken blastoderm cell (B), as shown by its lack of b-galactosidase reactivity (C). A comparison of B
and C also indicates that the upper right and lower left areas of this cellular ®eld contain many sarcomeric myosin-negative QCE-6 and
chicken cells, respectively. The yellow arrow indicates a QCE-6 cell that displayed myo®brils (arrowhead) when imaged at higher magni®cation
(D). Note that the sarcomeric myosin-positive QCE-6 cells possessed typical myo®brils. Bar, 50 mm (A±C); 15 mm (D).
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FIG. 7. Red blood cell differentiation of QCE-6 cells when cultured within HH stage 4 blastoderm aggregates. Immuno¯uorescence (A
and C) and phase (B) microscopy of mixed QCE-6 and stage 4 chicken blastoderm cell aggregates. In A is shown an aggregate stained with
both QH1 antibody (red rhodamine) and DAPI (blue nuclei stain). As QH1 only recognizes cells of quail origin, positive reactivity marks
the QCE-6 cells. This antibody indicates cells that express either endothelial or blood cell phenotypes. B and C show an individual
aggregate culture derived from stage 4 chicken cells and vital dye-labeled QCE-6 cells. As observed by phase microscopy (B), this aggregate
contained many red blood cells. That a signi®cant number of these hemoglobin-positive cells were derived from QCE-6 cells is indicated
(arrows) by the pattern of vital dye ¯uorescence (C). Bar, 100 mm.
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FIG. 8. QCE-6 cells will produce hemoglobin upon differentiation within HH stage 4 blastoderm aggregates. Phase (A) and immuno¯uo-
rescence (B,C) microscopy of mixed stage 4 chicken/QCE-6 cell aggregate. Aggregate was sectioned and stained with antibodies speci®c
to either hemoglobin (B) or b-galactosidase (C). Arrows indicate areas containing hemoglobin-positive QCE-6 cells. Arrowheads denote
regions containing QCE-6 cells that did not undergo red blood cell differentiation. Bar, 100 mm.
behave in a manner that is indistinguishable from early that cells within the early embryo retain a high degree of
plasticity. The question of whether either red blood and en-mesodermal cells.
dothelial cells or endothelial and myocardial cells are derived
from common stem cells may be moot, since the plasticity
The Plasticity of Early Mesodermal Cells of early mesodermal cells may indicate their potential to
differentiate into any of these cell types. Cell diversi®cationThe aggregate cultures of the different stage embryonic
would thus be driven primarily by regional cues, in a processcells show distinct differentiation pro®les. Two interpreta-
that does not necessarily involve an immediate restrictiontions of these results are that: (a) as embryos age, cells un-
of cell potential via lineage commitment. Mesodermal celldergo commitment and thus produce distinct cell types or
fate would then be determined by embryonic location, as(b) the cellular environment changes among the early blasto-
positional, not cellular, commitment drives diversi®cationderm, which provokes nondifferentiated mesoderm to diver-
during early development.sify along restricted pathways. The mixed QCE-6/blastoderm
cell aggregate studies seem to support the second explana-
tion. QCE-6 is a cloned cell line and, therefore, the cells are
Growth Factors That Regulate Mesodermal Cellof the same level of commitment. Yet, within the mixed cell
Diversi®cationaggregates, QCE-6 cells will behave in a manner indistin-
guishable from the embryonic cellsÐin accordance with the To begin to understand what signaling molecules may be
stage of the latter cells. Thus, the restriction in cell diversi®- important for regulating mesodermal cell diversi®cation,
cation among different stage cell aggregates seems to be pri- we treated our aggregate cell cultures with various signaling
marily due to environmental changes. As aggregate cultures molecules that have been implicated in the development
may provide a simpli®ed form of an embryonic environment, of the endothelial, myocardial, and red blood cell lineages.
we could extrapolate from these ®ndings and hypothesize VEGF has been shown to be important in angiogenesis or
blood vessel formation, where it may trigger the endothelial
phenotype in progenitor cells (Bikfalvi and Han, 1994; Fer-
TABLE 4 rara et al., 1992; Flamme et al., 1995; Millauer et al., 1993).
Phenotypes Expressed by Factor-Treated Aggregates Containing Erythropoietin plays a pivotal role in erythrogenesis (Bik-
both QCE-6 and Chicken Blastoderm Cells falvi and Han, 1994; Rich, 1992) and has been detected in
the early gastrula stage embryo (Yasuda et al., 1996). bFGFTotal % with % with
promotes blood tissue in younger (Eyal-Giladi and Kochav,Factor No. Stage RBCs beating
1976) chicken blastoderms (Gordon-Thomson and Facian,
SCF 17 4 100 0 1994) and has been shown to play a role in the ``hemangi-
5 33 0 oblastic'' cell lineage, up-regulating both erythrogenesis and
TGFa 25 4 40 60 vasculogenesis (Krah et al., 1994). Previous studies with
5 0 65 QCE-6 cells have indicated that bFGF may also be im-
SCF/TGFa 35 4 100 0 portant for both myocardial and endothelial differentiation
5 20 0
(Eisenberg and Bader, 1996). Cells undergoing erythrogen-
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esis are in¯uenced by SCF in early gastrula Xenopus em- 6 cells for elucidating pathways of mesodermal cell diversi®-
cation. Future experimentation involving the introduction ofbryos, where this growth factor stimulates hemoglobin ex-
pression in ventral mesoderm (Ong et al., 1993). Further- genetically altered QCE-6 cells into blastoderm aggregates
should complement ongoing studies under standard culturemore, it is hypothesized that there are two populations of
hematopoietic stem cells in the chicken, those responsive conditions (Eisenberg et al., 1997) in the analysis of individual
gene function in mesodermal cell differentiation.to SCF and those affected by both SCF and TGFa (Hayman
et al., 1993; Steinlein et al., 1995).
Of the factors that we added to aggregate cultures, SCF
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